Background. Because pneumococcal pneumonia was prevalent during previous influenza pandemics, we evaluated invasive pneumococcal pneumonia (IPP) rates during the 2009 influenza A(H1N1) pandemic.
media, pneumonia, and meningitis, annually [2] . Influenza infection can facilitate pneumococcal adherence and invasion, and influenza and pneumococcus may act synergistically to cause more severe disease than with either pathogen alone [3, 4] . Animal models and epidemiologic data indicate that influenza is associated with pneumococcal pneumonia but have not confirmed an association with other pneumococcal syndromes [3] [4] [5] [6] [7] .
Pneumococcal pneumonia has been associated with excess morbidity and mortality during past influenza pandemics, especially in 1918-1919 [8] [9] [10] . Early reports during the 2009 influenza A(H1N1) pandemic identified pneumococcal coinfections among severe and fatal cases of pandemic influenza A(H1N1)pdm09 ( pH1N1) infection [11] [12] [13] . An increase in empyema hospitalizations, including pneumococcal empyema, was seen among children in Utah during the spring and summer of 2009 [14] . Additionally, discharge diagnosis data from the United States showed an increase in pneumococcal pneumonia hospitalizations among people 5-64 years old during the fall of 2009, the time of highest pH1N1 activity [15] . During October 2009, active, population-based surveillance in Colorado detected a 3-fold increase above previous Octobers in invasive pneumococcal disease coincident with the pH1N1 activity peak [16] . The October increase in invasive pneumococcal disease in Colorado was unusual as the seasonality and winter peak of invasive pneumococcal disease is known to be very consistent, peaking typically in late December into early January [7] . Because of the reports from Utah and Colorado, we sought to determine if similar increases in invasive pneumococcal disease, particularly pneumonia, were occurring in other areas of the United States; if individual pneumococcal risk factors or particular pneumococcal serotypes could be playing a role; and if the impact of pH1N1 infection on pneumococcal pneumonia was greater than that of previous influenza seasons.
Our objectives were 3-fold. Using surveillance data from Active Bacterial Core surveillance (ABCs) and FluSurv-Net, we first determined whether pH1N1 infection caused an outof-season increase in invasive pneumococcal pneumonia (IPP) and examined characteristics, including risk factors, associated with IPP during the 2009 pandemic. Second, we examined whether any increase in IPP was associated with one or more pneumococcal serotypes. Finally, we determined whether pH1N1 infection caused excess IPP as compared with previous influenza seasons.
METHODS

Surveillance for IPP and Influenza-associated Hospitalizations
We performed an ecological analysis using IPP and influenzaassociated hospitalization rates calculated from active, population-based surveillance data from ABCs [17, 18] and FluSurv-NET [19] . ABCs is a geographically diverse surveillance network for invasive bacterial infections. FluSurv-NET is a surveillance network for laboratory-confirmed, influenzaassociated hospitalizations. Both networks are part of the Emerging Infections Program, and surveillance is conducted in all or part of 10 states: California, Colorado, Connecticut, Georgia, Maryland, Minnesota, New Mexico, New York, Oregon, and Tennessee [20] . We restricted this analysis to the 57 counties included in both ABCs and FluSurv-NET, excluding the 5-county surveillance area in Colorado, as excess pandemic-associated invasive pneumococcal disease was previously documented there and could potentially drive an association when all sites were analyzed together [16] .
We defined invasive pneumococcal disease cases as S. pneumoniae isolated from a normally sterile site in a surveillancearea resident. We defined the subset of cases with a discharge diagnosis of pneumonia as IPP and focused the remainder of our analysis on IPP, as the association between influenza and pneumococcus is particular to pneumonia [3] [4] [5] [6] [7] . We included IPP cases that occurred during the baseline period of April 2004-March 2009, following invasive pneumococcal disease rate stabilization after 7-valent pneumococcal conjugate vaccine (PCV7) introduction [21] , and during the pandemic period of April 2009-March 2010. Influenza-associated hospitalization cases were identified based on a positive laboratory test for influenza in a surveillance-area resident who was hospitalized during the pandemic period, April 2009-March 2010. Influenza laboratory confirmation was based on a positive result from viral culture, direct or indirect fluorescent antibody staining, rapid antigen test, reverse transcription polymerase chain reaction, or documentation of a positive test result in a patient's medical record [22, 23] . Only cases reported by October 2010 were included in the analysis.
Estimation of Influenza Pandemic Peak and IPP Rates
To determine if pH1N1 infection was associated with an outof-season IPP increase, we compared IPP incidence during the peak pandemic influenza month with the same month during comparison years. We defined the peak pandemic month in each surveillance site as the month during April 2009-March 2010 with the highest rate of influenza-associated hospitalizations. Given that >99% of circulating influenza virus during the pandemic was pH1N1 [24] , we assumed that influenzaassociated hospitalizations from April 2009-March 2010 were caused by pH1N1 rather than seasonal influenza viruses.
To examine IPP rates during the peak pandemic month by age group, we calculated IPP rates for the peak pandemic month across all sites using US Census annual population estimates for each site and age group [25] . We used the following age groups: <5, 5-24, 25-49, 50-64, and ≥65 years. We summed IPP cases during the peak pandemic month within age categories and across all sites. For example, the peak pandemic month in California was October, and in Connecticut it was November. Therefore, we added IPP cases among children <5 years old from California in October to IPP cases in Connecticut in November. We also added the site-specific population denominators for each age group during each site's peak pandemic month. We calculated the peak pandemic month, age-specific IPP rate by dividing the total IPP case number within each age group across all sites by the population in each age group across all sites during the peak pandemic month.
To determine whether the observed IPP rates during the peak pandemic month exceeded rates during the comparison month, we estimated rates during the comparison months. We defined the comparison month in each site as the same month during each year of the baseline period as the peak pandemic month in 2009. For example, in California, the comparison month cases consisted of IPP cases in California in Octobers of 2004, 2005, 2006, 2007, and 2008 . We summed IPP cases within each age group for each site's comparison month and then divided by the population in each age-group for each site's comparison month to produce a rate for the comparison month in each year of the baseline period. We estimated the mean age-group specific, baseline IPP rate, weighted by annual population denominators, for the comparison month with 95% confidence intervals (CI). We defined excess IPP as an age-specific IPP rate during the peak pandemic month that exceeded the 95% CI above the baseline age-specific IPP mean rate for the comparison month. We did not calculate agespecific rates by site due to the small number of cases at each site in each age group.
Using the same approach, we calculated IPP rates for the peak pandemic month and the comparison month by site with all age groups combined. Although Colorado was excluded from the overall analysis, we calculated the IPP rate for the peak pandemic month and comparison month for the 5-county Colorado surveillance area for ABCs and FluSurv-NET for all age groups. This subanalysis allowed validation of our analytic methods against published data and comparison among all sites. For both age-and site-specific rates, we calculated rate ratios with 95% CIs, calculated from the 95% CIs of the mean IPP rate during the comparison months.
Comparison of IPP Cases During Pandemic and Nonpandemic Periods
To determine whether IPP cases during the pandemic differed epidemiologically from IPP cases during a non-pandemic period, we characterized cases by age, sex, hospitalization status, outcome, and pneumococcal risk factors. We defined pneumococcal risk factors as medical conditions that are indications for use of 23-valent pneumococcal polysaccharide vaccine at age <65 years or 13-valent pneumococcal conjugate vaccine (PCV13) up to age 72 months [26, 27] . We further divided pneumococcal risk factors into immunocompromising conditions (other than asplenia), asplenia (functional or physical), and immunocompetent chronic illnesses [26, 27] . We calculated χ 2 test statistics to determine if case characteristics differed between the peak pandemic month and the comparison month. As we made multiple comparisons, we used a Bonferroni correction and considered P < .006 as significant for case characteristics [28] . Using logistic regression, we assessed for interaction and calculated odds ratios by age group and pneumococcal risk factors for having IPP during the peak pandemic month compared with the comparison month, using those ≥65 years with pneumococcal risk factors as the referent group. We calculated intramodel contrasts using explicit estimation of the interaction terms.
Serotype Analysis
To determine whether any particular serotype was driving an increase in IPP, we compared IPP case serotypes during the peak pandemic month with the comparison month. Serotypes were divided into those included in PCV7 (4, 6B, 9V, 14, 18C, 19F, and 23F) plus 6A as the vaccine provides cross-protection against 6A [29] ; serotypes 3, 7F, 19A all included in PCV13; and other serotypes. We compared the percent of serotyped cases in each group during the peak pandemic month with the comparison month for each age group using Fisher exact test. For each serotype group, we compared the peak pandemic month with the comparison month among sites using the Cochran-Mantel-Haenszel test.
Comparison of IPP Rates During Pandemic Period to Previous Influenza Seasons
To . Because the data were collected as part of routine public health surveillance, the analysis was considered exempt from human subjects review.
RESULTS
From April 2009-March 2010, active surveillance identified 5721 influenza-associated hospitalizations and 2240 cases of invasive pneumococcal disease, of which 1574 (70.3%) were IPP. The 2009 peak pandemic month was September in 2 sites (Georgia and Tennessee), October in 5 sites (California, Maryland, Minnesota, New Mexico, and Oregon), and November in 2 sites (Connecticut and New York). During the peak pandemic month, 185 IPP cases were identified. The proportion of IPP cases occurring among 5-to 24-year-olds was significantly higher during the peak pandemic month (11.9%) than in the comparison month (3.7%, P < .001; Table 1 ). Persons with IPP during the peak pandemic month did not differ significantly from those with IPP during the comparison month by sex, hospitalization status, or mortality. However, significantly fewer IPP cases during the peak pandemic month had pneumococcal risk factors (56.2%) compared with the comparison month (75.6%, P ≤ .0001).
We identified significant excess IPP during the peak pandemic month in all age groups except children <5 years, with the most pronounced excess occurring among persons 5-24 years (Table 2 ). Excess IPP during the peak pandemic month occurred in 4 of 9 sites: Georgia, New Mexico, New York, and Oregon (Table 3) . Additionally, Connecticut and Tennessee had peak pandemic month IPP rates just below the upper 95% CI of the comparison month mean IPP rate. Results by site were similar when children <5 years were excluded (data not shown).
In the multivariable logistic regression model, age-group and presence of pneumococcal risk factors had borderline significant interaction, P = .059, and thus we calculated intramodel contrasts using explicit estimation of interaction terms (Table 4 ). Persons 5-64 without risk factors and those 5-24 with risk factors were both more likely than the usual highestrisk group, persons ≥65 with risk factors, to have acquired IPP during the peak pandemic month, as compared with the comparison month.
Overall, PCV7 serotypes were infrequent in all age groups during the peak pandemic and comparison months. Serotype 19A was the most prevalent serotype among children <5 years old, whereas 7F was more common among older age groups. The serotype distributions during the peak pandemic and comparison months were similar within 3 age groups: <5, 5-24, and 50-64 years ( Figure 1) . However, among 25-49-and ≥65-year-olds, the serotype distribution was different (P < .01 for both), driven primarily by increases in 7F and PCV7 serotype decreases during the peak pandemic month vs the comparison month (Figure 1 ). In these 2 age groups, serotype 7F caused an increasing proportion and PCV7 serotypes caused a decreasing proportion of IPP cases in each successive year, suggesting that our observations reflected the continuation of a prepandemic trend (data not shown). The distribution of the serotype groups was not significantly different among sites (data not shown).
Finally, to compare IPP rates during the pandemic to previous influenza seasons, we used 2 Poisson models. In the (Figure 3) . Finally, among persons ≥5 years, a decrease in IPP occurred during February 2010 that fell below the lower 95% CI of the mean baseline in the univariate model and was not predicted by the multivariate model.
DISCUSSION
Our analysis showed an out-of-season excess of IPP in association with pH1N1. This excess was most pronounced in persons 5-24-years-old and was statistically significant in all age groups except those <5 years. The risk of IPP during the pH1N1 peak appeared to vary by age, with 5-to 24-year-olds having the greatest increase in IPP rate compared with nonpandemic months (rate ratio, 5.3). Furthermore, IPP during the pandemic affected younger individuals without known pneumococcal risk factors, indicating that pH1N1 may have been a risk factor for IPP. Finally, for those >5 years old the impact of pH1N1 on IPP was similar to that of the 2006-2008 influenza seasons. Our study demonstrated statistically significant increases in IPP during the pandemic among persons >5 years old, which is consistent with other studies. Using 2 complementary analytic methods with active, population-based surveillance data of laboratory-confirmed cases of influenza and IPP, our data support the findings of Weinberger who also observed an increase in pneumococcal pneumonia hospitalizations during fall 2009 [15] . Our findings are also similar to increases noted in pneumococcal empyemas in Utah [14] and in pneumococcal [26, 27] . b ND = not defined due to small cell size. disease in Colorado [16] . However, the increase in IPP was much more evident in Colorado (rate ratio 3.5) than in the other ABCs sites (rate ratios 1.1-2.8). It is unknown whether the increased rate ratio in Colorado is truly a reflection of greater influence of the pandemic compared to other ABCs sites or whether other factors that are not measureable in this study could explain these differences. Persons with IPP during the pandemic were less likely to have traditional pneumococcal disease risk factors. Extraordinarily high pH1N1 attack rates likely increased the risk of IPP among young healthy people. Due to a high prevalence of cross-reactive immunity to pH1N1 [30] , persons over 65 years had relatively low pH1N1 attack rates [31] , and influenzaassociated increases in IPP were not observed. During the comparison months, 76% of IPP cases had pneumococcal risk factors, whereas during the pH1N1 peak, only 56% had pneumococcal risk factors. Thus, pH1N1 infection may have increased the risk of IPP among young, healthy people, a group that is typically at low risk of IPP. The IPP increase during the pandemic mirrors the epidemiology of pH1N1 infections, suggesting that the association is possibly causal.
The impact of pH1N1 infection on IPP did not appear to be greater than the impact of seasonal influenza viruses during the 2006-2008 influenza seasons. The observed, increased IPP rate among those ≥5 years old during October 2009 was within the 95% CI of that predicted by our multivariate Poisson model, which included influenza-associated hospitalization rates. This estimation demonstrates that the impact of pH1N1 infection on IPP was comparable in magnitude to that of seasonal influenza viruses during the 2006-2008 influenza seasons, which is also consistent with findings among adults from Weinberger [15] . Weinberger also found an increase of pneumococcal pneumonia hospitalizations among 5-to 19-year-olds above what would be expected from previous influenza seasons [15] , similar to a study in Nicaragua which found an increase in lower respiratory tract infection among 2-to 14-year-olds [32] . However, we did not have the power to examine the 5-19 age stratum in our model. Nonetheless, the incidence of IPP was not increased during the 2009 pandemic compared with the 2006-2008 influenza seasons.
The 2009 influenza pandemic was not as severe as the 1918-1919 pandemic, in which pneumococcal pneumonia played a role in morbidity and mortality [8] [9] [10] . Influenza seasons and pandemics vary in severity, in part because different viruses have different virulence [33] [34] [35] [36] . Unlike previous influenza pandemics, PCV7 was in wide use in the United States during the 2009 pandemic, likely affecting the incidence of IPP. PCV7, which was introduced for young children in the United States in 2000, has led to significant decreases in IPP rates in all age groups, with the largest decreases seen in children <5 years old [21] . PCV7 and PCV9 have been shown to reduce influenza-associated pneumonia in young children [6, 37] , and one decision-analytic model suggests that PCV7 could prevent deaths due to pneumococcus during a severe influenza pandemic [38] . In our analysis, PCV7 serotypes caused very few cases of IPP during the pandemic.
Our analysis is subject to the following limitations. First, this ecological analysis was unable to distinguish whether excess IPP seen during the pandemic resulted from increased pneumococcal circulation in the setting of influenza or coinfections with pneumococcus and influenza. We were unable to assess the true risk of IPP for persons with pneumococcal risk factors, as we did not have denominators for these groups. In our Poisson models, we were unable to fully predict the IPP decrease during February 2010, as this decrease is likely not entirely attributable to the decrease in pH1N1 during early 2010. One potential reason for this is that our models did not account for the circulation of noninfluenza respiratory viruses that can be associated with pneumococcal pneumonia [4, 6] . However, surveillance data from the United States during January-March 2010 showed that the percent of positive laboratory specimens for respiratory syncytial virus, and parainfluenza viruses did not markedly differ from the same months in 2008 and 2009 (CDC, National Respiratory and Enteric Virus Surveillance System, unpublished data). Finally, we used influenza-associated hospitalization rates from several years in the multivariate Poisson model, and these rates are affected by testing practices for influenza that are known to vary [39] . Testing for influenza was most likely increased during the 2009 pandemic-compared to nonpandemic seasons-due to increased awareness and an increase in resources devoted to influenza monitoring. Thus, the impact of seasonal influenza on IPP is likely underestimated in our multivariate Poisson model.
In conclusion, during the peak of the 2009 pandemic, there was an out-of-season increase in IPP among those age ≥5 years. The epidemiology of the IPP increase mirrored that of pH1N1 virus, suggesting that the 2009 pandemic led to the increased incidence of IPP. This increase in IPP was comparable to that which would be expected during a typical influenza season. The clear association between IPP and influenza during pandemic and nonpandemic periods highlights the importance of pneumococcal prevention practices, especially vaccination, during influenza pandemics and every influenza season.
Notes
